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Resumen
 
Los cambios globales en las temperaturas 
SXHGHQHVWDUPRGL¿FDQGRHOFLFORKLGUROyJLFRGH
las cuencas forestales. Este reporte tuvo como 
REMHWLYRVHVWLPDUODVYDULDEOHVGHOFLFORKLGUROyJLFR
LQWHUFHSWDFLyQ,ODHYDSRWUDQVSLUDFLyQDFWXDO(
y potencial, Et, la escorrentía, Q, y los cambios 
en el contenido del agua del suelo, Ǉ; así como 
HYDOXDUVLODVYDULDEOHVGHOFLFORKLGUROyJLFRHVWiQ
presentando tendencias u oscilaciones que pu-
dieran estar asociadas al calentamiento global en 
cuencas forestales del centro de Durango, México. 
(OSURFHGLPLHQWRGHOEDODQFHGHPDVDVVLUYLySDUD
FDOFXODUODVYDULDEOHVGLDULDVGHOFLFORKLGUROyJLFR
con el uso de los sub-modelos de I y Et para evaluar 
¿QDOPHQWHOD4\Ǉ. Los datos se sujetaron a un 
DQiOLVLVGHUHJUHVLyQ\DWpFQLFDVDXWRUHJUHVLYDV
\GHSURPHGLRVPyYLOHV$5,0$SDUDHYDOXDUOD
VLJQL¿FDQFLDHVWDGtVWLFDGHODVWHQGHQFLDV(OYDORU
DFXPXODGRGHO YDORU HVWiQGDUGH ]PDJQL¿Fy\
los modelos ARIMA proyectaron estadísticamente 
bien las oscilaciones mensuales y anuales de las 
YDULDEOHVGHOFLFORKLGUROyJLFR/DVHFXDFLRQHVGH
UHJUHVLyQ\ODVWHQGHQFLDVGHORVPRGHORV$5,0$
mostraron que las variables mensuales y anuales 
de P, I, E y Et, Q, y Ǉ no siguen tendencias cla-
UDVHQWLHPSRFRQVLJQL¿FDQFLDHVWDGtVWLFDpVWDV
a su vez, siguen oscilaciones que pudieron ser 
predichas adecuadamente con modelos ARIMA. 
6HHQFRQWUyXQDDVRFLDFLyQFRQVLVWHQWHS
entre Ǉ\HOQ~PHURGHLQFHQGLRV\ODVXSHU¿FLH
forestal incendiada a pesar de las diferentes 
escalas en las cuales se evaluaron estas variables. 
El análisis muestra que el calentamiento global 
está contribuyendo a incrementar la variabilidad 
KLGUROyJLFDHVWDFLRQDODODXPHQWDUORVSXOVRVGH
sequía y humedad en tiempo. Sin embargo, se 
requiere de investigaciones adicionales para probar 
HVWDKLSyWHVLVFRQHOXVRGHVHULHVGHWLHPSRPiV
largas, con otro tipo de técnicas estadísticas y con 
ODLQFRUSRUDFLyQGHRWUDVYDULDEOHVHQHODQiOLVLV
3DODEUDVFODYHDQiOLVLVGHUHJUHVLyQPRGHORVDXWR
UHJUHVLYRVFRQSURPHGLRVPyYLOHVSUHFLSLWDFLyQ
LQWHUFHSWDFLyQHYDSRWUDQVSLUDFLyQHVFRUUHQWtD\
contenido del agua del suelo, incendios forestales, 
plagas y enfermedades.
Abstract
 
Global warming is likely modifying the hydrological 
cycle of forested watersheds. This report set as 
REMHFWLYHVWRDDVVHVVWKHK\GURORJLFDOYDULDEOHV
interception loss, I, potential and actual evapo-
transpiration, E, Et, runoff, Q, and soil moisture 
FRQWHQWǇEHYDOXDWHZKHWKHUWKHVHYDULDEOHV
are presenting consistent trends or oscillations 
that can be associated to global warming or 
FOLPDWHYDULDELOLW\DQGFUHODWHǇ to the number of 
ZLOG¿UHVDQGWKHEXUQHGDUHDLQ'XUDQJR0H[LFR
A mass balance approach estimated daily variables 
of the water cycle using sub-models for I and Et to 
calculate Q and ǇIRUDWLPHVHULHVIURPWR
2007. Regression and auto-regressive and moving 
DYHUDJLQJ $5,0$ WHFKQLTXHV HYDOXDWHG WKH
VWDWLVWLFDOVLJQL¿FDQFHRIWUHQGV7KHFXPXODWLYH
VWDQGDUGL]HG]YDOXHPDJQL¿HGDQG$5,0$PRGHOV
projected statistically similar monthly and annual 
time series data of all variables of the water cycle. 
Regression analysis and ARIMA models showed 
monthly and annual P, I, E, and Et, Q, and Ǉ do not 
follow consistent up or downward linear tendencies 
RYHUWLPHZLWKVWDWLVWLFDOVLJQL¿FDQFHWKH\UDWKHU
follow oscillations that could be adequately 
SUHGLFWHGE\$5,0$PRGHOVU27KHUHZDV
DFRQVLVWHQWVWDWLVWLFDODVVRFLDWLRQSRIǇ 
ZLWKWKHQXPEHURIZLOG¿UHVDQGWKHDUHDEXUQHG
regardless of the different spatial scales used in 
evaluating these variables. The analysis shows 
seasonal variability is increasing over time as 
magnifying pulses of dryness and wetness, which 
may be the response of the hydrological cycle to 
climate change. Further research must center on 
using longer time series data, testing seasonal 
variability with additional statistical analysis, and 
incorporating new variables in the analysis.
Key words: regression analysis, autoregressive 
moving average models, precipitation, interception 
loss, evpo-transpiration, runoff, soil moisture 
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Introduction
Global warming by the continued build up of 
JUHHQKRXVHJDVVHV*+* LQ WKHDWPRVSKHUH LV
SUHGLFWHGWROHDGWRVLJQL¿FDQWFKDQJHVLQFOLPDWH
5LWWHU7KH,3&&UHSRUWHG
how Earth temperature has increased in the last 
century in contrast to the previous 200 years. 
Transient increasing temperatures of 0.6-0.80C 
LQWKHODVW\HDUVPD\DOUHDG\EHPDJQLI\LQJ
FOLPDWH DV +HOG DQG 6RGGHQ  SUHGLFWHG
robust hydrological responses to global warming 
E\DGGLWLRQDOLQFUHDVHVRI*+*LQWKHDWPRVSKHUH
In the present, instrumental records show in-
FUHDVHGSUHFLSLWDWLRQRIWRSHUGHFDGH
LQPXFK RI WKH 1RUWKHUQ +HPLVSKHUHPLG DQG
high latitudes; in contrast to the subtropics where 
rainfall has decreased during the 20th Century by 
SHUGHFDGH)ROODQGet al
Forests, as oceans regulate and buffer climate 
changes at the expenses of increased pressure. 
The world forests influence climate through 
physical, chemical, and biological processes that 
affect planetary energetics, the hydrologic cycle, 
and atmospheric composition. The complex and 
non-linear forest-atmosphere interactions are 
issues widely studied since these connections 
FDQ EH GDPSHQHG RU DPSOL¿HG %RQDQ 
The effect of regional warming and consequent 
LQFUHDVHVLQZDWHUGH¿FLWVDVOLNHO\FRQWULEXWRUV
to the pervasive boost in tree mortality rates of 
forests of western United States is one issue of 
WKHVHLQWHUDFWLRQVUHFHQWO\UHSRUWHGYDQ0DQWJHP
et al5HFHQWGURXJKWUHODWHGDQGZDUPLQJ
has also been implicated as contributing to 
pulses or episodes of regional forest dieback 
such as those caused by bark beetle outbreaks 
LQVRXWKZHVWHUQ1RUWK$PHULFD%UHVKHDUVet al., 
 5DIIDet al  DQG QRUWKHUQ0H[LFR
6(0$51$7,QFUHDVHGSXOVHVRIZLOG¿UH
activity in the Rocky Mountains temperate forests 
has also been associated to increased spring and 
VXPPHUWHPSHUDWXUHV:HVWHUOLQJet al
Forest fuels, heat and oxygen are necessary 
IRU D ¿UH WR EXUQ *URXQG RUJDQLF VRLO GXII
DQG PRVV VODVK OLWWHU OLYLQJ WUHHV DQG
PLVFHOODQHRXVJUDVVDUHFODVVL¿FDWLRQVRIIRUHVW
IXHOV5HLQKDUGWDQG&URRNVWRQ'URXJKW
desiccates all kinds of fuels; living fuels, large 
dead fuels, deep duff layers, and organic soils and 
LWKDVDQREYLRXVHIIHFWRQZLOG¿UHVVSUHDGUDWHV
DQG¿UHLQWHQVLWLHV,QWHQVHZLOG¿UHVRFFXUZKHQ
drought and frosts happen continuously since 
these perturbations add large amounts of young 
foliage onto the soil; and the burn probability 
increased with the presence of young fuels in 
3RUWXJDO)HUQDQGHVet al
In northern Mexico, increased tree mortality 
UDWHVKDYHQRWEHHQGRFXPHQWHGVRIDU+RZHYHU
VLJQL¿FDQW SXOVHV RIZLOG¿UH HYHQWV KDYH EHHQ
UHFRUGHGGXULQJWKHODVWWKUHHGHFDGHV6(0$51$7
 $OWKRXJK WKHVH SXOVHV RI WUHHPRUWDOLW\
have been associated to drought elsewhere, there 
is no information on the drought episode itself, its 
magnitude, frequency, and how it could be related 
WRJOREDORUUHJLRQDOZDUPLQJ/DUJHZLOG¿UHVLQWKH
region are believed to have increased in extent, 
frequency, magnitude and duration due to the likely 
effect of land-tenure changes and the suppression 
RIIUHTXHQWOLJKW¿UHV)XOé and Covington, 1997; 
'UXU\DQG9HEOHQDOWKRXJKWKHSRWHQWLDO
effect of global warming cannot be ruled out. 
Consensus has been that increasing temperatures 
causing soil dryness beyond normal thresholds are 
responsible for the pervasive tree mortality rates 
DVZHOODV IRU WUHHPRUWDOLW\E\ZLOG¿UHDFWLYLW\
+RZHYHU QR HYLGHQFH RI VRLO GU\QHVV DQG LWV
magnitude has ever been reported.
In spite of this information, little research has 
gone toward determining whether environmental 
changes are contributing to chronic, long-term 
shifts in variables of the hydrological cycle as 
an aid to quantify water deficits in Mexico’s 
northern temperate forests in order to assess 
global warming impacts. Neither has the water 
GH¿FLWLVVXHEHHQGRFXPHQWHGLQWKHUHJLRQDQG
associated to global warming-related events. 
Since forests regulate the hydrological cycle 
by redistributing precipitation; climatological 
drought reported as a reduction of precipitation 
in contrast to its mean value is different than soil 
ZDWHUGH¿FLWWKDWLVWKHPRVWLPSRUWDQWYDULDEOH
for tree survival and dieback. Therefore, this 
UHSRUWDLPHGDWDHYDOXDWLQJ WKHYDULDEOHVRI
the hydrological cycle daily interception loss, 
potential and actual evpotranspiration, runoff 
DQGVRLOPRLVWXUHFRQWHQWEDVVHVVLQJZKHWKHU
the mean values of these variables in addition to 
instrumental precipitation and pan evaporation 
DUH WUDQVLHQWO\ FKDQJLQJ RYHU WLPH F UHODWLQJ
ODUJHVFDOH FOLPDWLF HYHQWV WRZLOG¿UHV DQG G
associating assessments of soil moisture content 
WRZLOG¿UHVLQDIRUHVWHGZDWHUVKHGQHDU(O6DOWR
Durango, Mexico.
The hypothesis tested was that variables of 
the hydrological cycle do not follow consistent 
WUHQGV LQ GU\QHVV RUZDWHU GH¿FLWV ,I WKH QXOO
K\SRWKHVLVLVUHMHFWHGWKHQWKHVH¿QGLQJVVXJJHVW
forests of Northern Mexico are under increasing 
drought-related stress that could lead to the 
potential increased continuous mortality rates 
as those observed in western North America by 
van Mantgem et al 7KHDFFHSWDQFHRI
the null hypothesis would lead to the conclusion 
that cycles or oscillations in hydrological variables 
cause forest stress that produce pulses of tree 
PRUWDOLW\VXFKDVWKRVHQRWHGE\LQFUHDVHGZLOG¿UH
DFWLYLW\ UHSRUWHG E\ %UHVKHDUVet al  LQ
southwestern U.S.A as well as those observed for 
GEOFÍSICA INTERNACIONAL
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the studied Mexico’s northern temperate forests 
6(0$51$7%RWK W\SHVRIGLVWXUEDQFHV
can happen simultaneously but they have never 
been reported in Mexico’s northern temperate 
forests. The forest ecosystem responses to climate 
change must be understood and reported as an 
aid to potentially convey sustainable practices to 
buffer climate change and/or variability impacts 
on forests.
0DWHULDOVDQG0HWKRGV
Description of the study area
This study was conducted at the watershed 
‘La Rosilla’, which drains into the ‘La Rosilla II’ 
reservoir; both located at the Ejido La Victoria, 
Municipality of Pueblo Nuevo, Durango, Mexico. 
The watershed covers an area of 944 ha and 
VSDQV´QRUWKODWLWXGHDQG
00” west longitude, at the southwestern portion of 
the Sierra Madre Occidental mountain of Durango, 
0H[LFR)LJXUH
7KHZDWHUVKHGVLWVZLWKLQWKH+\GURORJLF5HJLRQ
1R3UHVLGLR6DQ3HGURLQWKHXSODQGVRIWKH
Rio Presidio basin. The main stem of the river is 
named Arroyo Quebrada El Salto, a tributary of 
WKH5LR3UHVLGLR&)(
La Rosil la watershed features several 
microclimates, according to the Köppen climatic 
FODVVL¿FDWLRQVFKHPHDQGPRGL¿HGIRU0H[LFRE\
*DUFtDDLQWKHKLJKODQGVWKHWHPSHUDWH
cold, humid climate, with summer rains and 
PHDQ DQQXDO WHPSHUDWXUH EHWZHHQ  WR &
LV FODVVL¿HG DV &(:2 WKH UHVW RI WKH HMLGR
presents a temperate, humid climate with summer 
rains, and mean annual temperature ranging 
from 12 to 18°C. Summer rains are characterized 
by thunderstorms concentrated between July 
to September. Mean annual rainfall depth and 
temperature at the climatic station of El Salto is 
approximately 900 mm and 9.3°C.
Most of the watershed is covered by temperate 
forests with mixtures of pines, oaks, and other 
conifers. Main distributed pine species are 
Pinus cooperi, P. durangensis, P. engelmannii, 
P. teocote, P. herrerae, P. leiophylla and P. 
ayacahuite. The most frequent oak species 
observed are Quercus sideroxyla, Q. durifolia, 
Q. rugosa and Q. candicans. Juniperus spp., 
Cupressus spp., Pseudotsuga spp. and Abies spp. 
are other temperate conifer species that make 
up the forest community within the watershed. 
Other broad leaf species found within these forests 
are Arbutus spp and Alnus spp. The lower strata 
are conspicuous and dominated by manzanita 
Arctostaphylos pungensDQGHQFLQLOODQuercus 
striatula
The hydrological model to evaluate its 
components
The components of the water cycle in the forested 
watershed used a model based on the mass 
EDODQFH DSSURDFK 1iYDU  7KHPRGHO
physically computes changes in Ǉ as a function of 
WKHGLIIHUHQFHEHWZHHQLQSXWVDQGRXWSXWVPRGHO
,QSXWLV3DQGRXWSXWVDUH,(WWUDQVSLUDWLRQ
7DQGHYDSRUDWLRQRIZDWHUIURPWKHVRLO(VDQG
4VXUIDFHUXQRIIDQGOHDNDJHWRDTXLIHUVVHH
(TXDWLRQVDQG7KLVPRGHO
assumes that ǇDERYH¿HOGFDSDFLW\OHDNVGRZQ
into shallow perched water tables that eventually 
transforms into discharge via subsurface, surface, 
and aquifer discharge. The intrinsic assumption is 
Figure 1. Location of the watershed 
“La Rosilla” Durango, Mexico.
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Statistics
Parameters Average &RQ¿GHQFH,QWHUYDO
S 1.0272 
C  
Sc 1.0813 
A 0.0848 0.0277
R  4.4200
Ec 1.0191 0.1163
Pt 0.0068 0.0006
St 0.0037 0.0029
St/pt  
P'G 1.1273 
WKDWWKHUHLVOLWWOHRUQR+RUWRQLDQVXUIDFHUXQRII
and it appears to be correct for most forested 
VRLOVIRUPRVWRIWKHWLPHVLQFHKLJKDYHUDJH¿QDO
LQ¿OWUDWLRQUDWHVRIWKHRUGHURIFORVHWRPP
h-1KDGEHHQPHDVXUHG'XHxH]et al2QO\
RIWKHUDLQVWKDWRFFXUDQQXDOO\DQGFORVHWR
RIUDLQVWKDWKDYHDIUHTXHQF\RIDWZR\HDU
return period produces surface runoff in Mexico’s 
QRUWKHUQIRUHVWHGZDWHUVKHGV'XHxH]DQG1iYDU
'XHxH]et al
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Precipitation, P, is conventionally recorded in 
rain gauges set at the climatic station El Salto, 
Dgo., Mexico. Leakage, percolation, or deep 
LQ¿OWUDWLRQ 4V HTXDOV WR GLVFKDUJH 4 VLQFH
VXUIDFHUXQRII4V§ ,QWHUFHSWLRQ ORVV LV WKH
amount of rainfall that wets canopies and litter 
IROLDJH EDUN DQG OLWWHU DQG UHWXUQV WR WKH
atmosphere via evaporation without contributing 
to soil moisture.
7KHUHYLVHG*DVKDQDO\WLFDOPRGHO*DVKet al., 
9DOHQWHet alZDVXVHGWRSUHGLFW
, VLQFH LW LV VLPSOH ÀH[LEOH DQG UHTXLUHV IHZ
parameters that can be easily derived. The model 
has been reformulated to give a better description 
RIWKHHYDSRUDWLRQÀX[IURPVSDUVHIRUHVWVDQG
appropriately tested for forests of northeastern 
WHPSHUDWH IRUHVWV 1iYDU  *DVK et al. 
LQWURGXFHGWKHIROORZLQJDQDO\WLFDOPRGHO
RIUDLQIDOOLQWHUFHSWLRQ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:KHUHI is the interception loss depth, m is 
WKHQXPEHURIVPDOOVWRUPVLQVXI¿FLHQWWRVDWXUDWH
WKHFDQRS\HJP´Gn equals the number of HYHQWVZKLFKVDWXUDWHWKHFDQRS\HJ!P´G
and q equals the number of storms which saturate 
the stems, PGj is gross rainfall, st is the trunk 
storage capacity, pt is the proportion of rainfall 
reaching the trunks, P’G is amount of rainfall QHFHVVDU\WR¿OOWKHFDQRS\VWRUDJHFDSDFLW\
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:KHUHŊF = the evaporation rate during the 
storm per unit area of cover, Sc = the canopy 
storage capacity per unit area of cover, R = the 
average rainfall rate onto the canopy.
The coefficient and parameter values for 
the Gash revised analytical model used in this 
research are reported in Table 1.
Table 1. &RHI¿FLHQW DQG SDUDPHWHU YDOXHV IRU
the reformulated Gash analytical model of rainfall 
interception for temperate forests of northeastern 
0H[LFR6RXUFH1iYDU
Evapo-transpiration, Et, is the amount of water 
that leaves the soil via evaporation from the soil 
surface, Ev, and via transpiration, Tr, as a vital 
process conducted by plants. An estimator of Et 
is measured in conventional pan evaporimeters; 
and it is named potential evaporation because 
water is fully available for climate to evaporate. 
Actual evapo-transpiration, Etp, is the evapo-
transpiration weighted by soil moisture content 
ǇL SODQW )WY DQG FOLPDWLF )F IDFWRUV )RU
example, soil factors that control Etp are the 
FXUUHQWVRLOZDWHUFRQWHQWǇLWKHVRLOZDWHUFRQ
WHQW DWZLOWLQJSRLQW ǇSPSDQG WKH VRLOZDWHU
FRQWHQW DW ¿HOG FDSDFLW\ ǇFF 7KH SODQW IDFWRU
GEOFÍSICA INTERNACIONAL
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is a function of the type of vegetation, density, 
age, etc. The climatic factor is controlled by 
evapo-transpiration. Actual evapo-transpiration is 
HVWLPDWHGXVLQJWKHVHIDFWRUVDVLQHTXDWLRQ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θ θ
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
Details of the soil, plant and climatic factors 
can be found in several hydrology and soil physics 
ERRNV +LOOHO9LHVVPDQet al ,Q
this study, twelve soil samples were collected and 
distributed within the watershed for laboratory 
DQDO\VHV WR HVWLPDWH WKH ¿HOG FDSDFLW\ZLOWLQJ
SRLQWVRLOEXONGHQVLW\DQGVRLOVSHFL¿FGHQVLW\
On site, the depth of soil and litter layer was 
DOVRPHDVXUHG 7KH FRHI¿FLHQW DQG SDUDPHWHU
values for the soil components of sub model 8 are 
reported in Table 2.
:KHUH$610 $OWLWXGHDERYHVHDOHYHOP
3 VORSH302 GHSWKRIOLWWHUOD\HUPP
36 GHSWKRIVRLOFP'$ VRLOEXONGHQVLW\
JFP-3'5 VRLOVSHFL¿FGHQVLW\JFP-3&&
 ¿HOGFDSDFLW\303 ZLOWLQJSRLQW
The model was run in a time difference of one 
day to estimate the current soil moisture content; 
e.g., Ǉi = Ǉi -1>3UHFLSLWDFLyQ i-1±,QWHUFHSFLyQ
i-1 – Etp i -1 – Qi-1@:KHUHWKHi-1 refers as the day 
before day i. Again, discharge was estimated as 
the soil moisture content that runs off and that 
is mathematically described as the amount of 
VRLOPRLVWXUH FRQWHQW DERYH ¿HOG FDSDFLW\ DQG
this amount of water is subtracted immediately 
WRDWWDLQWKHVRLOZDWHUFRQWHQWDW¿HOGFDSDFLW\
Since at this time there is a lack of information 
RQWKHVKDSHDQGUDWHRIUHFHVVLRQÀRZWKHWLPH
RIFRQFHQWUDWLRQWLPHWRSHDNSHDNÀRZHWF
hydrographs cannot be derived at this point with 
this model.
Information to develop the reformulated 
interception loss model of Gash was obtained 
from measurements conducted on mixed, pine-
oak temperate forests of Nuevo Leon, Mexico by 
1iYDU7KHFOLPDWLFIDFWRU)FZDV
HVWLPDWHGWREHLQDJUHHPHQWZLWK¿QGLQJV
FDUULHGRXWE\3HQPDQ7KHSODQWIDFWRU
)WYZDVHVWLPDWHGWREH
7KH PDVV EDODQFH PRGHO  KDV EHHQ
indirectly validated by associating thresholds of 
the number of days below certain soil moisture 
FRQWHQWZLWKWKHQXPEHURIZLOG¿UHVDQGWKHDUHD
Table 2. Soil physical parameters of soil samples collected in “La Rosilla” watershed of Durango, Mexico 
6RXUFH6LOYD)ORUHV
Site 
No N Latitude :/RQJLWXGH $610P 3 302PP 36FP '$JFF '5JFF
Ǉ&&

Ǉ303

1 23° 43' 19.2'' 


 2728   32.0 0.77 2.28 61.17 32.71
2 23° 43' 21.9'' 


 2660  30 30.0 0.76 2.13  34.77
3 


 


  30 8 7.0 0.83   21.73
4 23° 43' 06.8'' 


 2739   16.0 0.83 2.20 46.01 24.60
 23° 43' 04.2'' 


 2727 40 60  0.78   27.86
6 23° 43' 01.1'' 


 2703  20 24.3 1.00 2.24 33.69 18.01
7 


 


    43.0 0.81 2.27 68.62 36.69
8 


 


 2807  32  0.76 2.28  32.00
9 23° 42' 46.7'' 


 2797   10.0  2.29 47.94 
10 23° 42' 43.6'' 


 2783 2 30 23.0 0.76 2.20  31.28
11 23° 43' 02.2'' 


  30 33  0.77 2.27  26.12
12 23° 43' 12.8'' 


 2706 2   1.00 2.23 33.96 18.16
Average 2736 19 34 20.9 0.82 2.24  27.46
Standard Deviation  16.17 13.86 13.46 0.82  11.60 6.20
&RQ¿GHQFH,QWHUYDOD    7.840 7.613  0.026  
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EXUQHG E\ZLOG¿UHV ZLWK YHU\ JRRG GHJUHH RI
SUHFLVLRQ1iYDU&KiLGH],QWKLVUHSRUW
further validation of this model is provided using 
WKHEXUQHGDUHDDQGWKHQXPEHURIIRUHVWZLOG¿UHV
as dependent variables and the average soil 
moisture content as the dependent variable. Návar 
DOVRFDOFXODWHGGDLO\PRQWKO\DQGDQQXDO
discharge into “La Rosilla II” reservoir with good 
preliminary expectations since accountability was 
precise by quantifying for changes in reservoir sto-
rage, losses to deep recharge, evaporation, and 
supply. At this time, there are no measurements of 
soil moisture content, interception, or discharge in 
the studied watershed, therefore the model could 
not be directly checked and validated.
Data analysis
Daily measurements and assessments of 
precipitation, interception loss, potential and 
actual evaporation, runoff, and soil moisture 
changes summed or averaged over a month or over 
a year provided monthly and yearly measurement 
and assessments of each variable. Conventional 
regression analysis using least square techniques 
tested the hypothesis for trends; e.g., Y = a + bX; 
where Y = is the variable of the hydrological cycle 
DQG;LVMXVWDFRQVHFXWLYHQXPEHUWRIRU
PRQWKO\RUWRIRUDQQXDOGDWDD%
are statistical parameters to be estimated using 
6$6Y7KHQXOOK\SRWKHVLVWKDW% ZDV
WHVWHGLI+RLVWUXHWKHQQRVWDWLVWLFDOVLJQL¿FDQW
tendencies are shown by the variable. That is, the 
WLPHVHULHV LVVWDWLRQDU\LQ LWV¿UVWPRPHQWXP
In addition, ARIMA models fitted to monthly 
and annual data statistically tested for trends. 
Monthly and annual hydrologic data variables were 
smoothed using a moving average of t=3; then 
WKH$5,0$PRGHOVZHUH¿WWHGWRWKLVGDWDVHW7KH
Southern Oscillation Index, SOI, an index of the 
(O1LxR6RXWKHUQ2VFLOODWLRQ(162ZDVUHODWHG
to the variables of the hydrological cycle using 
regression analysis.
7KHPDJQL¿FDWLRQRIYDULDELOLW\
In order to magnify oscillations or cycles, the data 
was analyzed by accumulating the standardized z 
SDUDPHWHUDVLQPRGHO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:KHUH[i = the hydrological variable at time 
t=i;  = mean value of the hydrological variable; 
ı  WKH VWDQGDUG GHYLDWLRQ RI WKH K\GURORJLFDO
variable of interest.
Procedure
The variables of the hydrological cycle were 
HVWLPDWHG ZLWKPRGHO     
 DQG  5HJUHVVLRQ DQDO\VLV DQG $5,0$
PRGHOVWHVWHGWKHK\SRWKHVLVWKDW% $5,0$
PRGHOV ¿WWHG WKH GDWD IRU SUHGLFWLRQ SXUSRVHV
in addition to detect patterns and oscillation 
on the hydro-climatic data. The cumulative z 
GHSDUWXUHVPDJQL¿HG RVFLOODWLRQV DQG F\FOHV
+\GURFOLPDWLFF\FOHVDQGRVFLOODWLRQVZHUHWKHQ
associated to pulses of disturbances on forests 
VXFKDVLQFUHDVLQJZLOG¿UHHYHQWVDVZHOODVWR
the ENSO related events such as the SOI. Trends 
could then likely be associated to pervasive 
perturbations such as continuous forest dieback or 
increased tree mortality rates in Mexico’s northern 
temperate forests.
Results
Regression equations
The slopes, standard errors, F values and 
probabilities larger than F for all regression 
equation are shown in Table 3.
:KHUH6HUURU VWDQGDUGHUURU) YDOXHRI
WKH)LVKHU)GHQVLW\IXQFWLRQ3!) SUREDELOLW\
FDOFXODWHGIURPWKH)YDOXHWRWKHLQ¿QLWH(WD 
actual evapo-transpiration.
For the regression equations, all probability 
GDWDKDGYDOXHVODUJHUWKDQWKHUHIRUHWKH
QXOO K\SRWKHVLV HJ % ZDV DFFHSWHG IRU
monthly and annual data. That is, the slope values 
VWDWLVWLFDOO\DSSURDFKHGDYDOXHRI+HQFHWKH
hydrological variables do not show consistent up 
or down monotonic linear trends or tendencies in 
the mean value that can be linked to continuous 
global warming or climate change that can be 
further related to increasing forest disturbances 
IRUWKHVWXG\SHULRG7KHHIIHFWRI
climate change may be on shifts of the frequency 
and magnitude of these variables; on the second 
PRPHQWXPWKHYDULDQFHLQWKHPDJQLWXGHRI
SXOVHV RU GU\QHVV DQGZHWQHVV HWF +RZHYHU
DWWKLVWLPHWKHUHLVQRWVXI¿FLHQWLQIRUPDWLRQWR
test these other indications of climate change. 
The mean monthly and annual P, I, E and Et, Q, 
and Ǉ values remain quite constant throughout 
WKHVWXG\SHULRG3UREDELOLWLHVRIEHWZHHQ
3!)ZHUHHVWLPDWHGIRUDQQXDO4DQQXDO
Et, annual I and annual P.
7KHVWDWLVWLFVIRUWKHEHVW¿WWHG$5,0$PRGHOV
with a trend are depicted in Table 4.
x
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:KHUH6; VWDQGDUGHUURU52 FRHI¿FLHQW
RIGHWHUPLQDWLRQ3!W SUREDELOLW\FDOFXODWHG
IURPWKHWYDOXHWRWKHLQ¿QLWHIRUWKHOLQHDUWUHQG
of each model; Eta = Actual evapo-transpiration; 
Ǉ. = Moisture content; ARIMA = auto-regressive 
integrated with moving average models with a 
OLQHDUWUHQGQS QXPEHURIDXWRUHJUHVVLYH
and moving average parameters, respectively with 
a lack of seasonal tendencies, 0.
For all ARIMA models, the probability larger 
WKDQ W ZDV!  7KHUHIRUH $5,0$PRGHOV
GLG QRW DFFRXQW IRU VWDWLVWLFDO VLJQL¿FDQW OLQHDU
WUHQGVRUWHQGHQFLHV+RZHYHUWKHOLQHDUWUHQG
improved quality statistics of all models that it 
is useful for prediction purposes. Most models 
required only 2 or 3 auto-regressive and 1 moving 
DYHUDJHSDUDPHWHUWR¿WGDWDZHOO7KHYDULDQFH
H[SODLQHGE\WKHPRGHOVHJWKH52ZDVODUJHU
for monthly, with a mean value of 0.84 than for 
DQQXDO52 GDWD7KDWLV$5,0$PRGHOV
¿WWHGEHWWHUPRQWKO\WKDQDQQXDOGDWDSHUKDSV
EHFDXVHRIWKHQXPEHURIGDWDYDOXHVQ 
IRUPRQWKO\DQGQ IRUDQQXDOGDWDRUWKH
consistent seasonal variability in the monthly 
data sets.
Raw hydrologic, smoothed and modeled data 
are depicted in Figure 2 for monthly and in Figure 
3 for annual data for precipitation, interception 
loss, actual evapo-transpiration, runoff and soil 
moisture content, respectively.
The ARIMA models for annual data did not 
fully display variability because they predict the 
VPRRWKHGWLPHVHULHV+RZHYHURVFLOODWLRQVDQG
cycles are well noted in the annual and monthly 
WLPH VHULHV UHVSHFWLYHO\ 7KHPDJQL¿FDWLRQ RI
cycles and oscillations are better observed in 
Figure 4.
Cycles and oscillations describe the data better 
than linear trends or tendencies in the hydrological 
variable datasets. The intra and inter-annual 
variability can be observed by the up and downs 
of all hydrological variables in Figures 2, 3, and 
4. For example for precipitation, the dry season 
1RYHPEHU0D\ UHSHDWV LWVHOI HYHU\ \HDU 7KH
inter-annual variability is noted because it takes 
on the average every 1, 2 or sometimes 3 years 
annual precipitation to repeat itself. That is, larger 
RUVPDOOHU¿JXUHVWKDQWKHDYHUDJHDUHH[SHFWHG
every 1, 2 or 3 years.
Monthly Data Annual Data
Variable Model R2 Sx 3!W Model R2 Sx 3!W
Precipitation $5,0$ 0.88 26.8 0.26 $50$ 0.61 76.2 0.72
Interception $5,0$ 0.90 2.32 0.11 $50$ 0.61 8.34 0.73
Actual Eta $5,0$ 0.91 9.20 0.42 $50$  33.1 
Runoff $5,0$ 0.69 0.07 0.21 $50$ 0.64 0.64 0.72
6RLOǇ $5,0$ 0.83 0.02 0.49 $50$  0.0008 0.40
Monthly Data Annual Data
Variable Slope S Error F 3!) Slope S Error F 3!)
Precipitation   1.02 0.31 2.6279 1.6879 2.42 0.12
Interception 0.0014900 0.001480 1.02 0.31 0.2866 0.1846 2.41 0.13
Evaporation 0.0006700 0.004778 0.02 0.88 0.7886 0.9296 0.72 0.40
Actual Eta 0.0048000 0.006090 0.62 0.43 1.0446 0.7326 2.04 0.16
Runoff  0.000031 1.32  0.0060 0.0040  0.19
Soil Moisture 
Content 0.0000094 0.000013  0.47 0.0001 0.0001  0.47
Table 3.6WDWLVWLFVRIUHJUHVVLRQHTXDWLRQVEHWZHHQK\GURORJLFDOYDULDEOHVDQGDQQXDOQ RUPRQWKO\
Q FRQWLQXRXVYDOXHV
Table 4. 4XDOLW\ VWDWLVWLFV IRU EHVW $5,0$PRGHOV ¿WWHGZLWKPRQWKO\ Q  DQG DQQXDO Q 
hydrologic variable data for a Mexico’s northern temperate forest site.
J. Návar and L. Lizárraga-Mendiola
12      VOLUME 52 NUMBER 1
Figure 2.0RQWKO\GDWDYDOXHVVPRRWKHGVHULHVDQG$5,0$PRGHOVIRUSUHGLFWLQJSUHFLSLWDWLRQ3LQWHUFHSWLRQORVV
,DFWXDOHYDSRWUDQVSLUDWLRQ(WSUXQRII4DQGVRLOPRLVWXUHFRQWHQW7KHWDIRUD0H[LFR¶VQRUWKHUQWHPSHUDWH
IRUHVWVLWH1RWHEURZQGDUNOLQHVDUHVPRRWKHGUDZGDWDDQGEURZQOLJKWOLQHVDUH$5,0$PRGHOV
7KH GHFDGDO GURXJKW HSLVRGH RI WKH ¶V
 LVZHOO GHSLFWHG LQ DOO WKHVH WLPH
series of Figures 3 and 4 because of a consistent 
reduction in precipitation, interception loss, 
and runoff. Actual evapo-transpiration and soil 
moisture content show the large dry effect of the 
¶VZDV GDPSHQHG D IHZ \HDUV ODWHU IURP
7KH¶VGURXJKWVSHOOLVREVHUYHG
in precipitation, interception loss and runoff. 
Actual evapo-transpiration remains quite constant 
during this period and soil moisture content 
diminishes from 1987-1997 and from 1998 to 
2004. Longer time scale oscillations that ended 
DQGVWDUWHGVRPHZKHUHEHWZHHQDUH
QRWHGLQWKHVHWLPHVHULHV+RZHYHULQIRUPDWLRQ
for longer time series is required to verify these 
potential cycles. The water deficit expressed 
as soil moisture content below the average does 
QRWDSSHDUWRVKRZZHOOGH¿QHGWHPSRUDOF\FOHV
EH\RQGWKHLQWUDDQQXDOYDULDELOLW\+RZHYHUZHOO
GH¿QHG GRZQZDUG WHQGHQFLHV LQ GLIIHUHQW WLPH
SHULRGV¶VHDUO\¶VHDUO\¶VDQG
IURPDQGRIGLIIHUHQWGXUDWLRQ
DQGDUHREVHUYHGLQ)LJXUH
Time series for the 1945-2005 dry season 
(January-May)
The annual time series of the hydrological 
YDULDEOHV IRU WKH GU\ VHDVRQ -DQXDU\0D\ LV
GHSLFWHGLQ)LJXUH
The mean soil moisture content values attain 
D¿JXUHYHU\FORVHWRWKHZLOWLQJSRLQWFP
cm-1GXULQJDQG)LJXUH
 4XLWHZHW VRLOPRLVWXUH FRQWHQW GXULQJ WKH
GU\VHDVRQV LV IRXQGGXULQJ
  <HDUV  DQG  KDG
high unseasonal soil moisture content immersed 
within a prolonged drought during the dry 
season. Precipitation, actual evapo-transpiration, 
and runoff were quite small during 1974-1977; 
1988-1991; 1993-1996; and 1998-2001. On the 
other side, potential evapo-transpiration and the 
difference between Etp-Eta showed high values 
during these last time periods.
The number of days with soil moisture content 
YDOXHVVPDOOHUWKDQRUVKRZHGXSZDUG
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tendencies across time but with no statistical 
VLJQL¿FDQFHS DQGS UHVSHFWLYHO\
+RZHYHUWKHQXPEHURIUXQRIIHYHQWVLVVWDWLVWLFDOO\
LQFUHDVLQJRYHUWLPHS $YDOXHRIǇ 
0.30 cm cm-1 is quite close to the wilting point 
IRUWKHVHIRUHVWVRLOVWKDWLVǇpmp = 0.27 cm cm-1 7DEOH6RLOVZLWKPRLVWXUHFRQWHQWQHDU WKH
ZLOWLQJSRLQWǇ FPFP-1SHUVLVWHGGXULQJ
the 1990’s. In eight years, the number of days 
with 0.30 cm cm-1 ZDV ODUJHU WKDQ  RXW RI
IRUWKHSHULRGRIPRUHWKDQ
GD\VRXWRIKDGVRLOPRLVWXUHFRQWHQWYDOXHV
smaller than 0.30 cm cm-1. This is a drought spell 
lasting four consecutive years with soils near the 
wilting point during most of the dry season.
$VVRFLDWLQJVRLOPRLVWXUHFRQWHQWWRZLOG¿UHV
7KH DUHD EXUQHG E\ IRUHVWZLOG¿UHV DQG LWV
predicted exponential decaying 3-parameter 
function are depicted in Figure 6. The equation 
SURMHFWVDODUJHEXUQHGDUHDHJ!KD
with soil moisture content near the wilting point; 
a sharp decrease in burned area with increased 
soil moisture content until it reaches a steady, 
FRQVWDQWEXUQHGDUHDZLWKǇ$YHUDJHVRLO
moisture content values during the dry season 
DFFRXQWV IRU E\  RI WKH WRWDO EXUQHG DUHD
variation in the State of Durango, Mexico. The 
VRLOPRLVWXUHFRQWHQWQHDUWKHZLOWLQJSRLQWHJ
FPFP-1SURGXFHDPHDQEXUQHGDUHDRI
close to 30,000 ha while soil moisture contents of 
EHWZHHQǇFPFP-1 produce only a 
PHDQEXUQHGDUHDRIFORVHWRKD$ODFNRI
biomass density on top of soils, sources of ignition, 
or a combination of both may have accounted for 
E\WKHVPDOODUHDEXUQHGE\IRUHVW¿UHVLQVRLOV
near the wilting point.
7KH QXPEHU RI IRUHVW ZLOG¿UHV DOVR GHFD\V
as a function of soil moisture content, although 
the variance accounted for by the equation was 
RQO\  )LJXUH  7ZR VHWV RI GDWD FDQ EH
REVHUYHGLQ)LJXUHWKH¿UVWRQHIRUPRUHWKDQ
Figure 3.$QQXDOGDWDYDOXHVVPRRWKHGVHULHVDQG$5,0$PRGHOVIRUSUHGLFWLQJDQQXDOSUHFLSLWDWLRQ3LQWHUFHSWLRQ
ORVV,DFWXDOHYDSRWUDQVSLUDWLRQ(WSUXQRII4DQGVRLOPRLVWXUHFRQWHQW7KHWDIRUD0H[LFDQQRUWKHUQWHPSHUDWH
IRUHVWVLWH1RWHEURZQGDUNOLQHVDUHVPRRWKHGUDZGDWDDQGEURZQOLJKWOLQHVGHSLFW$5,0$PRGHOV
J. Návar and L. Lizárraga-Mendiola
14      VOLUME 52 NUMBER 1
DQGWKHGLIIHUHQFHEHWZHHQ(WDQG(WSU2=0.12; 
S  7KH ¿UVW IRXU YDULDEOHV KDG QHJDWLYH
slopes unlike the last one. Smaller soil moisture 
content, precipitation, interception loss, and actual 
evapo-transpiration and larger Et-Etp values are 
H[SHFWHGZLWKWKHSUHVHQFHRI(O1LxR6RXWKHUQ
2VFLOODWLRQ/D1LxD6RXWKHUQ2VFLOODWLRQSURGXFHV
the opposite effect, according to the regression 
equations. Although this association is statistically 
VLJQL¿FDQWWKHDPRXQWRIYDULDWLRQH[SODLQHGE\
these synoptic climatic phenomena is less than 
OHDYLQJDJUHDWGHDORIXQH[SODLQHGYDULDWLRQ
The PDO raw data did not predict well 
GU\ VHDVRQDO VRLOPRLVWXUH FRQWHQW S 
SUHFLSLWDWLRQ S  LQWHUFHSWLRQ ORVV
S  SDQ HYDSRUDWLRQ S  DFWXDO
HYDSRWUDQVSLUDWLRQ S  UXQRII S 
unlike the difference between pan evaporation 
DQGDFWXDOHYDSRWUDQVSLUDWLRQ(W(WSS 
The PDO produces a negative effect in the Et-
(WSYDOXHV LQFRQWUDVWWRWKH(O1LxR6RXWKHUQ
Oscillation phenomenon. That is, these two 
ZLOG¿UHVDQGWKHVHFRQGRQHIRUOHVVWKDQ
ZLOG¿UHV7KHIRUPHUGDWDVHWKDVDTXLWHVPDOOǇ
FPFP-1DQGWKHODWHURQHKDVDODUJHVRLO
PRLVWXUHFRQWHQWYDULDELOLW\ǇFP
cm-12WKHUVRXUFHVRILQIRUPDWLRQVXFKDVZLQG
speed, direction, the amount of biomass on the 
IRUHVWÀRRULJQLWLRQVRXUFHVHWFPD\DFFRXQWIRU
IHZHU¿UHVSHUXQLWWLPHGXULQJGU\VRLOPRLVWXUH
conditions in the second data set.
Climate variability and its association to 
ZLOG¿UHV
Spectral density analysis, autocorrelograms and 
cumulative standardized deviations on hydro-
FOLPDWHYDULDEOHVVKRZHGVWDWLVWLFDOO\VLJQL¿FDQW
SHDNVSDWWKUHHWLPHVFDOHV
and 9-11 years. The annual Southern Oscillation 
Index, SOI, was significantly associated to 
dry seasonal values for soil moisture content 
U2  S  SUHFLSLWDWLRQ U2=0.11; 
S  LQWHUFHSWLRQ ORVV U2  S 
DFWXDO HYDSRWUDQVSLUDWLRQ U2  S 
Figure 4. &XPXODWLYH VWDQGDUGL]HG GHYLDWLRQV RIPRQWKO\ GDWD IRU SUHFLSLWDWLRQ 3 LQWHUFHSWLRQ ORVV , DFWXDO
HYDSRWUDQVSLUDWLRQ(WSUXQRII4DQGVRLOPRLVWXUHFRQWHQW7KHWDIRUD0H[LFR¶VQRUWKHUQWHPSHUDWHIRUHVWVLWH
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climatic phenomena appear to somehow offset 
HDFKRWKHUGXULQJWKHVWXGLHGWLPHVHULHV
7KH FRPELQHG HIIHFW (162 3'2 ZDV
not statistically significant for dry seasonal 
VRLO PRLVWXUH FRQWHQW S  SUHFLSLWDWLRQ
S LQWHUFHSWLRQORVVS XQOLNHIRU
DFWXDO HYDSRWUDQVSLUDWLRQ S  DQG WKH
GLIIHUHQFHEHWZHHQ(W(WSS 7KH(162
is negatively related and the PDO is positively 
UHODWHGIRUWKH¿UVWIRXUYDULDEOHVDQGWKHLQYHUVH
is correct for the difference between Et-Etp, 
UHVSHFWLYHO\3RVLWLYHYDOXHVRI(O1LxR6RXWKHUQ
Oscillation and negative values of PDO reduce the 
soil moisture content, precipitation, interception 
loss, and significantly reduce actual evapo-
transpiration but increase the difference ET-Etp.
Discussion
$ODFNRIVWDWLVWLFDOVLJQL¿FDQWWUHQGVRUWHQGHQFLHV
in mean values of variables of the hydrological cycle 
is consistent across instrumental and estimated 
GDWDVHWV7KLV¿QGLQJVKRZWKHPHDQYDOXHRIWKH
studied hydrological variables with these techniques 
appears be only slightly related to the effect of 
global warming over time since the probability was 
near 0.10 for the annual time series. A different 
approach to test the effect of global warming on 
the hydrological variables is by relating it to the 
variance, the frequency and shifts in the magnitude 
of these variables. Climate change may dampen its 
effect as pulses of change of different magnitude 
and time interval since forests and oceans may 
regulate and buffer this effect. These are issues 
that require further study. For example, dry pulses 
can be observed at the temporal scales; seasonal, 
inter-annual, every 3-7 years; and every 10-13 
years and likely every 70-80 years. Further studies 
on the frequency, magnitude, and intensity of these 
pulses may shed more light into the effect of global 
warming on hydro-climate variables at El Salto, 
Durango, Mexico.
Figure 5.7LPHVHULHVRIK\GURORJLFDOYDULDEOHVGXULQJWKHGU\VHDVRQ-DQXDU\0D\IRUDIRUHVWVLWHQHDU(O6DOWR
'XUDQJR0H[LFR1RWH3 SUHFLSLWDWLRQ, LQWHUFHSWLRQORVV(WD DFWXDOHYDSRWUDQVSLUDWLRQ4 UXQRII7KHWD
 VRLOPRLVWXUHFRQWHQW1RWHWKH0DQ.HQGDOOVHQVORSHYDOXHDQGLWVSUREDELOLW\LVDOVRGHSLFWHGZLWKLQHDFK¿JXUH
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Figure 6.7KHPHDVXUHGDQGSUHGLFWHGDUHDEXUQHGE\IRUHVWZLOG¿UHVDVDIXQFWLRQRIVHDVRQDOVRLOPRLVWXUHFRQWHQW
in the State of Durango, Mexico for the period of 1990-2007.
Figure 7.7KHPHDVXUHGDQGSUHGLFWHGQXPEHURIIRUHVWZLOG¿UHVDVDIXQFWLRQRIVHDVRQDOVRLOPRLVWXUHFRQWHQWIRU
a forest site near EL Salto, Durango, Mexico.
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A simple argument would then be that the 
number of observations is a shortcoming for testing 
FRUUHFWO\WKHK\SRWKHVLV% )RUH[DPSOHIRU
the annual variables precipitation, interception 
loss, and weighted actual evapo-transpiration 
the probability of rejecting the null hypothesis 
ZDVFORVHWR7KDWLVLQWKHQHDUIXWXUHWKH
hypothesis of no shifts in the mean values would 
probably be rejected as more hydro-climatic 
data is recorded. A second approach to increase 
the number of observations is to reconstruct 
paleoclimate by using several techniques, 
amongst which dendrochronology is an important 
PHWKRGRORJ\IRUWKLVFDVHVWXGLHV&OHDYHODQGet 
al., 2003; Stahle et al., 1999; González-Elizondo 
et al1iYDU&KiLGH]
The pervasive continuous forest decline or 
increased rates of forest loss as those found over 
western North America by van Mantgem et al. 
 DUH H[SODLQHG E\ UHJLRQDOZDUPLQJ DQG
FRQVHTXHQWFRQWLQXRXVLQFUHDVHVLQZDWHUGH¿FLWV
Data analysis for this report shows the 1990’s 
UHSRUWHGPRUHIUHTXHQWZDWHUGH¿FLWVLQ0H[LFR¶V
northern temperate forests than any other time 
recorded in this analysis. Further data will show 
if this dry pulse would repeat itself in the near 
future as a more important sign of climate change. 
In the meantime, continuous tree mortality rates 
have not been recorded in the region, independent 
sources of data such as the volume of harvested 
dead trees shows also a lack of statistical 
VLJQL¿FDQW OLQHDU WUHQGV RYHU WKH \HDUV IRU WKH
6WDWHRI'XUDQJR0H[LFR6(0$51$7$
large pulse of harvested dead trees was recorded 
during 2002 and the future would also tell whether 
WKLVUHFRUGEUHDNVDVDFRQVHTXHQFHRIPDJQL¿HG
pulses of dryness by climate change.
Soil moisture content is probably the best 
LQGLFDWRU RIZDWHU GH¿FLW LQ IRUHVWV EHFDXVH RI
its regulating effect on the hydrological cycle. 
This variable is the single most important one 
to assess how trees can be potentially stressed 
by droughts. Pan evapo-transpiration and the 
difference between Et-Etp, on the other hand are 
likely the best indicators of global warming as 
water evaporation is a function of temperature. 
None of these variables showed consistent linear 
tendencies or trends in the mean values of this 
data set that can be straightforwardly associated to 
global warming. Pulses of up and downward cycles 
or oscillations were the norm in this case study.
The hydrological variables studied showed 
instead short term tendencies or oscillations that 
can be associated to pulses of tree mortality by 
LQFUHDVHGZLOG¿UHDFWLYLW\DVWKRVHUHFRUGHGIRU
southwestern North American dry forests by 
%UHVKHDUVet al  DQG0H[LFR¶V QRUWKHUQ
temperate forests during later last and early this 
FHQWXU\6(0$51$7DVLWKDVEHHQDOVR
REVHUYHGIRURWKHUHFRV\VWHPVDVZHOO5DIIDet 
al  ,Q'XUDQJR0H[LFR ODUJHVFDOH !
KDIRUHVWVZLOG¿UHVLQQXPEHUDQGDUHD
EXUQHGRFFXUUHGGXULQJ
1996, 1998, 1999, and 2011 for the period of 
6(0$51$7<HDUVDQG
 UHFRUGHG WKH ODUJHVW DUHD !  KD
EXUQHG E\ZLOG¿UHV LQ W\SH QXPEHU DQG DUHD
burned. Years 1998 and 2011 reported the driest 
years in terms of soil moisture content, the later 
RQHZLWK FORVH WR FRQVHFXWLYHGD\VZLWK
precipitation. The former one with an average 
soil moisture content of 0.28 cm cm-1 and 
DSSUR[LPDWHO\RIOLNHOLKRRGRIRFFXUUHQFHLQ
WKHQXPEHURIGU\GD\VDQGRXWRI
with soil moisture content values near the wilting 
SRLQWHJRIOHVVWKDQDQGFPFP-1, 
UHVSHFWLYHO\DQGVHDVRQDOSUHFLSLWDWLRQZDVWKH
VPDOOHVWHYHUUHFRUGHGPPGXULQJWKHGU\
VHDVRQ -DQXDU\0D\:LOG¿UH HYHQWV RI 
DQGZRXOGSUREDEO\KDYHEHHQPDJQL¿HG
by the antecedent and widespread frosts that 
UHFRUGHGEHORZ0C in the region. Frosts of this 
magnitude make trees shed their leaves in a time-
scale of weeks and kills herbaceous understory 
IXHOVWKDWFDUU\ ODUJH¿UHV$OOWKLV OLWWHUIROLDJH
provides an important dry biomass source for 
VWDUWLQJ¿UHV,QDGGLWLRQWKHZLOG¿UHVRI
ZHUH FRPELQHG ZLWK VWURQJ 3DFL¿F 2FHDQ GU\
winds that hit the country in most of late winter 
DQGVSULQJRI&1$
7KH IROORZLQJ WKUHH\HDUV  DQG
UHPDLQHGFRQVLVWHQWO\GU\)LJXUHGXULQJ
the dry season; with a mean value of 0.28 cm 
cm-1ZLWK OHVV WKDQ RI SUREDELOLW\ RI WKH
occurrence of these events and number of days 
ZLWKOHVVWKDQDQGFPFP-1 was more 
than 122 days per each year, a statistic well above 
WKHDYHUDJH%\WKH\HDUVHDVRQDODFWXDO
evapo-transpiration reached one of the smallest 
YDOXHVHYHUUHFRUGHGPPEHFDXVHRIDODFN
of soil moisture content to evapo-transpirate soil 
water. This translates that almost always soils 
were close to the wilting point and left little or no 
soil water for evapo-transpiration during the dry 
season. The stress caused by this dry episode 
ZDVVXI¿FLHQWWRZHDNHQWUHHVDQG
to make them prone for bark beetle outbreaks that 
spread all over the Mexico’s temperate forests. 
Note that this hydrological study was conducted 
RQDVSHFL¿FVLWHQHDU(O6DOWR'XUDQJR0H[LFR
+RZHYHUEDUNEHHWOHLQIHVWHGVLPXOWDQHRXVO\PXFK
of the Mexico’s northern forests in a reported area 
RIFORVHWRKDVWUHVVLQJWKHLPSRUWDQFHRI
large scale perturbations that can be monitored 
at short spatial scales. It is important to note that 
during the period of 1993-1996, the number of 
dry years during the dry season was also above 
the average with 1997 being the only wet year in 
EHWZHHQWKHVHWZRGU\HSLVRGHVRQO\DQG
GD\VUHSRUWHGǇYDOXHVDQGFPFP-1, 
UHVSHFWLYHO\
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The drought spell of the 1990’s appeared to 
EHVWURQJHUWKDQWKDWRIWKH¶V)RUWKHODWHU
decade, the number of dry days was just on the 
average number of dry days for the entire time 
VHULHVFORVHWR2QO\DQGUHSRUWHG
Q!GU\ GD\V %UHVKHDUVet al  IRU
southwestern North American woodlands reported 
extensive bark beetle infestations in 2002-2003 
and stressed that it was also highly likely that this 
last episode may have had warmer conditions than 
WKH GURXJKW HSLVRGH RI WKH ¶V 3UHOLPLQDU\
analysis of this data for Durango, Mexico shows 
WKDWWKH¶VDQGWKH¶VKDGDQG
PPDQG  DQG PPRI SRWHQWLDO HYDSR
transpiration and Et-Etp, respectively, indicating 
the former drought spell was warmer than the 
VHFRQGRQH7KH¶VGURXJKWVSHOOZDVOHVVGU\
WKDQWKDWRIWKH¶V+RZHYHUWKLVLVDPDWWHU
of further study with this and other additional 
sources of information.
Large-scale climatic events causing these 
oscillations and potential tendencies have been 
well documented in the last two to three decades. 
Although the inter-annual variability requires 
additional sources of information in order to be 
more explicitly described; the annual position 
RI WKH %HUPXGD +LJK LQ WKH 1RUWK $WODQWLF
Ocean combined with the northward seasonal 
displacement of the Inter-tropical Convergence 
Zone, ITCZ, may partially control this variability.
7KHVHFRQGGU\ZHWF\FOH\HDUVFRUUHODWHV
ZHOOZLWKLQGLFHVRI(O1LxR6RXWKHUQ2VFLOODWLRQ
ENSO, as it has been found for other places 
DQG GDWDVHWV &DYD]RV DQG +DVWHQUDWK 
Cleaveland et al., 2003; Stahle et al., 1999; 
Méndez-González et al  +\GURORJLFDO
GDWDIRUWKLVVWXG\H[KLELWVVWDWLVWLFDOO\VLJQL¿FDQW
spectral peaks in the ENSO frequency band 
near periods of 4 years as it has been found for 
instrumental and proxy precipitation records of 
'XUDQJR0H[LFRDVZHOO6WDKOHet al,Q
northern Mexico, the ENSO causes severe and 
prolonged summer droughts and wet winters 
&DYD]RV DQG +DVWHQUDWK  *RQ]iOH]
Elizondo et alZLWKWRWDOUHGXFHGDQQXDO
rainfall and it has a direct control on all variables 
of the hydrological cycle as well. For example 
during the decade of the 1990’s two ENSO events 
RFFXUUHGDQGZLWKWKHVHFRQGRQH
being the strongest of the last century.
The third quasi decadal discharge dry-wet 
variability is evident in all ARIMA models, spectral 
density analysis, as well as in the hydrological 
YDULDEOHGDWDVHWV7KHQRUWKHDVWHUQ3DFL¿F2FHDQ
FRROLQJZDUPLQJF\FOHFDOOHGWKH3DFL¿F'HFDGDO
Oscillation, PDO, appears to be slightly related 
WRWKLVSKDVHIRUQRUWKHUQ0H[LFR-RQHV
Quasi-decadal sequences repeated in the time 
VHULHVDQG$5,0$PRGHOVGXULQJWKH¶VDQG
¶V 7KH FRROLQJ RI WKH QRUWKHDVWHUQ 3DFL¿F
Ocean surface waters brings above average 
UDLQIDOODQGGLVFKDUJHWRQRUWKHUQ0H[LFR1iYDU
&KiLGH]  7KH 3'2 HIIHFW KDV DOVR EHHQ
noted in Utah although its control is not consistent 
RYHUWLPHDQGDSSHDUVLQVLJQL¿FDQWGXULQJSHULRGV
RI LQVWUXPHQWDO UHFRUGHG GDWD 7LQJVWDG DQG
0DF'RQDOG :HDN DVVRFLDWLRQV EHWZHHQ
annual discharge and PDO variability can be 
explained since the latter manifests mostly in the 
1RUWK3DFL¿FUHJLRQDQGFDQSHUVLVWRYHUVHYHUDO
decades. Mantua et alGHVFULEHGSHULRGV
RI\HDUVDQG\HDUVDQGGU\VSHOOV
ODVWDWWKHPRVW\HDUV¶VIRUWKLVWLPH
series data.
Longer time-scale climatic events are also 
causing oscillations and likely tendencies in the 
hydrological variables studied that appeared to end 
and start during 1963. The Atlantic Multidecadal 
Oscillation, AMO, is a climate pattern of SST 
anomalies in the North Atlantic with a recurring 
SHULRG RI  \HDUV .QLJKW et al 
Positive AMO index values have been associated 
with drought in the continental U.S. during the 
20th &HQWXU\ (Q¿HOG et al  7KLV F\FOH
appears to control all hydrological variables when 
calculating and plotting the cumulative Z index 
WLPHVHULHVGDWD)LJXUH+RZHYHULQVWUXPHQWDO
precipitation data and evaluated variables are not 
VXI¿FLHQWDWWKLVWLPHWRVWDWLVWLFDOO\FRUUHODWHWKLV
tendency.
The future decadal drought spell would occur 
likely under warmer temperature and probably 
under dryer soil moisture conditions as potential 
FOLPDWHFKDQJHSURJUHVVHVDQGODUJHUPDJQL¿HG
pulses of drought-induced vegetation die-off could 
EH H[SHFWHG DV H[SODLQHG E\ %UHVKHDUV et al. 
IRUVRXWKZHVWHUQ86$,QFUHDVHGGLHEDFN
pulses would be the temperate forest ecosystem 
response to drought and associated increased 
ZLOG¿UHDFWLYLW\VLQFHWKHQXPEHURIGU\GD\VQHDU
WKHZLOWLQJSRLQWǇFPFP-1LVVWHDGLO\
increasing over time during the dry season as well. 
The number of runoff events is also statistically 
increasing over time, then, potential climate 
change would appear is erratically increasing 
seasonal hydrological variability in the region as 
it has been also reported for other places but this 
is a matter of further studies.
Conclusions
This report analyzed variables of the hydrological 
cycle of a Mexico’s northern forested watershed 
using a mass balance model; tested whether these 
mean values of these variables are transiently 
changing over time or changes obey to climate 
variability oscillations of different magnitudes and 
durations; and associated hydrological variables, 
ODUJHVFDOH FOLPDWH HYHQWV DQG IRUHVWZLOG¿UHV
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in the region. Regression techniques and ARIMA 
models provided a better understanding of these 
changes and how they are associated to recent 
IRUHVWZLOG¿UHVWKDWKDYHVSXUUHGLQWRWKHUHJLRQ
Long-term linear trends or tendencies in mean 
values were absent in the studied time series, 
and oscillations of different magnitude and 
GXUDWLRQIHDWXUHGWKHVHGDWDVHWV
6RLOZDWHUGH¿FLWVRUGURXJKWVSHOOVFRXOGWKHQEH
DVVRFLDWHGWRIRUHVW¿UHVWKDWRFFXUUHGLQWKHODVW
two decades. Future research may center on how 
these drought spells are controlling tree growth in 
such a way that eventually growth slows leading 
WRWKHZHDNHQLQJRIWUHHVDQG¿QDOO\WRSURPRWLQJ
GLHRIIE\ZLOG¿UHV
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